Abstract-Raman forward scattering (RFS) is observed in the interaction of a high intensity (>lo1' W/cm2) short pulse (<1 ps) laser with an underdense plasma (ne N lo1' cmp3). Electrons are trapped and accelerated up to 44 MeV by the highamplitude plasma wave produced by RFS. The laser spectrum is strongly modulated by the interaction, showing sidebands at the plasma frequency. Furthermore, as the quiver velocity of the electrons in the high electric field of the laser beam becomes relativistic, various effects are observed which can be attributed to the variation of electron mass with laser intensity.
I. INTRODUCTION
ARTICLE acceleration by laser-generated large-amplitude P relativistic plasma waves has attracted a great deal of interest since it was first proposed by Tajima and Dawson [I] . They described three basic ideas for generating such plasma waves: the laser wakefield accelerator (LWFA), the plasma beatwave accelerator (PBWA), and the Raman forward scattering (RFS) instability. In the past decade there have been numerous experimental studies of the PBWA [2] - [4] . However, only with the recent developments in intense shortpulse lasers [5] have the experimental studies of the LWFA [6] and the recently proposed self-modulated LWFA [7] -[91 become feasible.
The self-modulation of a pulse by RFS of long pulses was well known, owing to its implications in the preheating of targets in laser fusion experiments. Recently, it was observed that short pulses (pulse-length a few times the plasma period Tp = 2 r / w p , where wp is the plasma frequency) of high intensity would self-modulate and produce a coherent wake into which external electrons could be injected. This is the basis for what is now referred to as the self-modulated L W A The self-modulation can be the result of two effects. In the first case, the electron density fluctuations associated with the plasma wave lead to a variation in group velocity which causes the laser to bunch longitudinally. This bunching, or equivalently modulation, is at the plasma period. The intensity peaks are 7r/2 out of phase with the initial density modulation and so the instability can grow [ll] . This is an alternative explanation to one-dimensional (1-D) RFS. Second, the density fluctuations can act as negative and positive lenses and cause the laser pulse to bunch transversely [12] . This effect can be enhanced by relativistic self-focusing. The longitudinal and transverse bunching can occur simultaneously and lead to complicated intensity contours [lo] .
Note that in the first case, the modulation is due to a periodic redistribution of the laser energy longitudinally; whereas in the second, the modulation is due to a transverse redistribution of the laser energy. These two effects are interrelated, and one can think of 1he second effect as the whole beam analog of Raman side-scatter where the transverse wavelength can be taken as the inverse of the spot size.
We report here on an experiment to investigate RFS. Our observations of spectral cascading are indicative that longitudinal bunching is playing a crucial role in our experimental parameters [lo] . Some of the results we present have been published in a previous paper [13] . In this paper we give a more detailed account of the experiment. Besides the observation of wavebreaking and acceleration of self-trapped plasma electrons, we show new results that are consistent with the relativistic behavior of the RFS instability in the case of a high-intensity short-pulse laser.
The paper is planned as follows. We review briefly RFS and its theoretical background in Section 11. The experimental details and the results are then given in Sections I11 and IV. We conclude with a summary in Section V.
RFS
The RFS [14] instability has long been studied for its importance in inertial confinement fusion and plasma-based laser particle acceleration. Unlike Raman backward scattering [14] , [15] , RFS has been observed directly only in relatively few experiments [16] , [17] , [6] , all at lower intensities. This is due to the much lower growth rate of RFS in underdense plasmas. Only with the high intensities available with shortpulse lasers is the gain large enough to drive plasma waves to an amplitude large enough to be observable and suitable for particle acceleration.
The RFS instability grows from low-amplitude plasma-wave noise which can be due to a variety of sources. In shortpulse expenments, the main noise source is the plasma wave generated ponderomotively behind the leading edge of the laser Erosion of the leading edge due to pump depletion by Raman side or backward scattering, which grow quickly in the early part of the pulse, can further enhance the plasma wave noise [18] RFS is the decay of the strong electromagnetic pump wave, of frequency and wavenumber (a,, k,). into a plasma wave of frequency and wavenumber ( w p , k p ) and two forward nup) and anti-Stokes propagating electromagnetic cascades at the Stokes (w, -(n,e2/eom)1/2 is the plasma frequency, and n is a posisidebands with the laser produces an electromagnetic beat a. Of frequency w p l propagating synchronously with the plasma wave. This electromagnetic beatwave exerts a resonant force on the plasma electrons. Hence, the original noise-level 
Here a, = eA/mc2 = 0.86 x 1 0 p g A ( p m ) 4 a is the normalized vector potential of the laser, x is the distance traveled into the plasma, and p / c is the length of time that the assumed constant-intensity pulse has interacted with the plasma at position x. The (1 + u i / 2 ) factor in the gain is the relativistic correction, and it is due to the dependence of the electron mass (and hence the plasma frequency) on the laser intensity. Fig. 1 shows the gain G of the instability as a function of the normalized vector potential for three values of the electron density, chosen to be in the range of the experiment reported here. Similarly, the values for 2 (350 pm equal to the Rayleigh length) and p / c (800 fs equal to the typical pulselength) have been fixed to correspond to the experimental parameters. Note that near a, N 1, when the laser intensity becomes "relativistic" (i.e., when the quiver velocity of the electrons in the laser electric field approaches c which is at I, N 10l8 W/cm2 for a laser wavelength of 1 pm), the gain shows a maximum. The reason for this is that the plasma frequency is inversely proportional to the square root of the electron mass. As the intensity increases, the quiver velocity of the electrons increases, the effective plasma frequency decreases, and so does the gain. Also illustrated in the figure is the strong dependence of the gain with plasma density-a threefold increase in density gives rise to an increase in G The experiment was conducted at the Central Laser Facility at the Rutherford Appleton Laboratory with the Vulcan [19] Nd:Glass 1.054 ,um laser system operating in the CPA configuration. The laser was able to provide 20 J in a 0.7-1 ps pulse and was focused to a 20 pm diameter spot. This corresponds to typical values of 20-25 TW of power and intensities of the order of 5 x 1018W/cm2.
A schematic of the experiment is shown in Fig. 2 . The laser was focused by an f /5 off-axis paraboloid mirror onto the welldefined front edge of a 4 mm diameter laminar plume of either helium or hydrogen gas. The plume was created by a pulsed supersonic gas jet [20] located 2 mm below the focal region. The typical laser intensity of 5 x W/cm2 is sufficient to fully ionize both helium and hydrogen over at least 2 mm into the jet. The plasma density, which varied with the backing pressure of the jet, was measured (through the frequency shift of the anti-Stokes sidebands) to be linear with backing pressure from 5 bar to at least 18 bar where the electron density was 1.5 x 1019cm3.
The two main diagnostics used were: 1) observation of the spectral distribution of the pump laser, forward scattered into an f l 5 cone corresponding to the pump laser beam, and 2) the energy spectrum of self-trapped electrons accelerated into an f/60 cone centered on the laser axis. The forward scattered light, after passing through an attenuating pellicle and reflected by a beam steerer (both with small holes to allow unimpeded transmission of the accelerated electrons), was collected by a lens and dispersed in a spectrometer. The spectrum was detected with a liquid-nitrogen-cooled silicon 16-bit chargecoupled device (CCD) camera. With this arrangement, the dynamic range was sufficiently large (over lo5) to detect anti-Stokes sidebands up to the sixth. The dispersed spectral images were then processed by a computer and corrected for the spectral response of the detector and transmission curves Energy(MeV) Fig. 3 . Electron energy spectrum at three plasma densities in helium. All the single measurements were taken with the silicon detectors while the continuous curve was taken with the fluorescer/film combination.
both spectrally in the forward direction (which was also modulated by the plasma wave) and spatially at 30°, imaging it onto a CCD. 
IV. RESULTS
of all the intervening optical components including any filters that were used. The sensitivity of the camera decreases rapidly for X > 1.1 ym, so the Stokes sideband was only seen at low plasma density and not more than the first order was ever observed.
The electrons accelerated in the interaction passed through apertures drilled in the collecting optics and through a 4-cm thick lead collimator before entering the electron spectrometer. The spectrometer [21] was built in the Brown and Buechner design which covers a broad range of energies. The energy measurements by the magnetic spectrometer were limited to a maximum electron energy of 44 MeV due to fieldsaturation of the electromagnet used. The vertical focusing of the spectrometer is weak, but the collection efficiency was not of importance due to the large number of accelerated electrons. The energy spectrum was measured in two ways. In the first method, the output of precalibrated biased silicon surface-barrier detectors was connected via preamplifiers to an oscilloscope to give the absolute number of electrons at discrete energies. A maximum of six detector channels were available, one of which was sometimes used to check X-ray levels at different locations. The second method utilized a fluorescedfilm combination strip located (as with the silicon detectors) at the output plane of the spectrometer to give a continuous spectrum. Absolute numbers were obtained by cross calibration at a given energy with the signal from one silicon detector. The spectra, obtained with the two different methods, were in strikingly good agreement. A number of tests were made to check that we were measuring electrons instead of X-rays, and they all gave very convincing results [21] .
The backscattered light at 1 pm was also collected and spectrally resolved. Due to the high intensity of the laser, a huge amount of second harmonic was generated (conversion efficiency of N This second harmonic was measured
As mentioned above, the main diagnostics were the energy spectrum of the self-trapped accelerated electrons and the spectral distribution of the transmitted laser beam. We present these results first. We then present results which are directly attributable to relativistic effects associated with the intense laser intensities in this experiment. Finally, we present the backscatter results. The results obtained in helium and hydrogen do not show much difference at a given electron density. However, the observations obtained in helium were more extensive. Fig. 3 shows the measured electron energy spectra in helium corresponding to the range of plasma density scanned (i.e., from 0.5 to 1.5 x 1019cm-3) [13] . All three cases were at a laser power of approximately 25 TW. The number of accelerated electrons at a given energy and the maximum electron energy both show a dramatic increase as the plasma density is increased to 1.5 x 1Ol9cmF3. In particular, the number of electrons above 20 MeV increases by at least three orders of magnitude. At the highest density, the accelerated electron distribution is rather flat up to 30 MeV, above which it begins to decrease with energy up to 44 MeV which is the spectrometer limit. The flatness of the spectrum is due to the fact that the observation is made in only an f/60 cone in the exact forward direction. The highest energy electrons are those that traverse the wave in the region of the highest longitudinal fields, i.e., right down the axis of the plasma wave. Lower energy electrons necessarily experience more of the radial fields and would tend to have a larger angular spread. Similar results were obtained in hydrogen as shown in Fig. 4 . In this case, the number of higher energy electrons was lower and probably due to the fact that the flat spectrum behavior is not as prominent. = which is in good agreement with the Of saturation described by the W S theory.
A. Accelerated Electron Energy Spectra
The major implication of these results is the huge electric field generated by the plasma wave. As dephasing limits the acceleration length to iry$/ko z 300pm (where 74 is the relativistic Lorentz factor for the phase velocity of the wave), the 44 MeV that the electrons gain indicate a peak electric field of over 100 GV/m. This represents the highest collective-wave field ever produced in a laboratory.
In Fig. 5 the flux of electrons accelerated to an energy of 11.5 MeV in hydrogen at a density of 8 x 10'' cmV3, which is below the density at which wavebreaking occurred, is shown as a function of laser power. From the graph it is clear that above a certain power the number of accelerated electrons does not change significantly. This is in good agreement with the behavior of the theoretical RFS gain at high intensity plotted in Fig. 1 . As explained above in Section 11, the growth rate of RFS maximizes when the normalized vector potential a0 N 1 because of the relativistic increase in the electron mass. In Section IV-C we shall see that at the powers of 7-8 TW, where the flux of electrons appears to saturate, there are other indications that relativistic effects are taking place. This power corresponds to a focused intensity of 10'' W/cm2 or
B. Transmitted Laser Spectra
The photographs in Fig. 6 show the dispersed images of the transmitted laser light in helium at an electron density of 0.54 and 1.5 x l O l '~m -~ obtained with the CCD camera at the output plane of the spectrometer. The images were processed, integrated vertically over space, and corrected for the transmission functions and sensitivity of both the optics and the instrument. They are replotted in Fig. 7 as a function of frequency to highlight the periodicity of the sidebands.
At the lower density, the upshifted anti-Stokes and downshifted Stokes signals at A w / w p = f l are clearly visible as is the unshifted laser and the second and third antiStokes sidebands. All the sidebands are sharply peaked. Their widths are very close to the laser bandwidth convoluted with the instrument function. (The value taken for the laser width is measured disregarding the shoulder due to ionization blueshift.) This indicates that the plasma is quite homogenous and that the plasma wave which generated these signals must have a coherence time on the order of the laser pulse. The dashed curve in Fig. 7 shows the spectrum when the plasma density is increased to 1.5 x lo1' ~m -~. Because the scale has been normalized to wp, the sidebands still have integer values on this scale. In this case the width of the sidebands is much larger and is of the order of the plasma frequency. This implies a coherence time of the order of only a few plasma periods. The sharp increase in both the number and maximum energy of electrons as well as the sudden loss of coherence of the wave show that a strong distortion of the plasma wave has occurred, and we believe that this is characteristic of wavebreaking [13] .
The creation and growth of the plasma wave was also monitored by its interaction with the second harmonic (0.53 pm) light generated by the laser. This is equivalent to using a copropagating probe beam. Fig. 8 shows the second harmonic forward spectrum at a typical density of 6 x l0ls cmP3. Various mechanisms may be creating the second harmonic light, the most probable of which is the interaction of the laser beam with plasma density gradients at the edges of the interaction area where nonfully ionized plasma is present. On top of the usual mechanisms, a new study [22] describes the possibility of second harmonic generation in homogenous plasmas due to relativistic effects which could suit the parameters in our experiment. Being a subject of interest in its own right, the generation of second harmonic will be the subject of another publication.
The spectrum of the second harmonic shows sidebands evenly spaced by wp, indicating that the second harmonic is scattered by the plasma oscillations too. It is interesting to point out that all the plasma frequency harmonics are present, not only even ones, which indicates that the second harmonic of the laser was generated and then interacted with the plasma wave and not vice-versa. These measurements were also significant because they allowed us to have a complete spectrum with both Stokes and anti-Stokes sidebands without using a separate probe beam.
C. Relativistic Effects
At our laser intensities of more than 5 x 10" W/cm2, the normalized laser vector potential a0 can reach values higher than two. This means that taking a fully relativistic treatment is required to predict the behavior of the plasma. Since most theoretical treatments of such interactions have tended to treat a0 as being small or at least smaller than one, these conditions are ripe for a host of anomalous or unpredicted behavior. We have already seen one such example in Fig. 5 . This is the "saturation" effect that relativistic corrections have on the RFS growth and the corresponding saturation of the electron flux measured in the experiment.
A more impressive effect is the direct measurement of the change of electron mass with laser intensity. The electron mass change was observed directly through the separation of the sidebands in both the laser and the second harmonic spectra. As intensity increases, so the electron quiver velocity becomes relativistic. Thus the mass increases according to the relativistic Lorentz factor y = [lwhere voSc is the oscillating velocity of the electrons in the laser field. As wp is inversely proportional to the electron mass, the actual separation of the sidebands should decrease with intensity. Of course a density depression due to a ponderomotive blowout may also contribute to a reduction in the shift. A simple treatment which considers only the space-charge forces and the laser ponderomotive force, and neglects ion motions, gives an estimate for the density depression of
where X is the laser wavelength and a is the focal spot diameter of the laser beam. Putting our initial parameters into this formula (a0 = 2,a = 20pm, and W O / W , = lo), one finds that even at the highest intensity the shift would be not more than 3% which is quite small compared to the 40% change calculated due to the relativistic correction. These parameters do not consider relativistic self-focusing that can increase the laser intensity involved. In this case, though, the relativistic correction of the mass would increase as well, and the relative effect would not be so serious. So neglecting ponderomotive effects, we can calculate the estimated shift just on the basis of the relativistic change of the electron mass. This is plotted as the continuous curve in Fig. 9 . The match between experimental results and calculation is remarkable. The same relativistic behavior has also been observed in two-dimensional (2-D) simulations using our experimental parameters [23] , [24] . In the simulations as well, the effect appears to be mostly due to the relativistic quiver velocity. The sideband shows signs of a slight broadening with increasing laser power which can imply that the interaction occurs over a range of laser intensity regions. Another sign that the interaction was in a highly relativistic regime is the observation of half harmonic creation in the laser spectrum. Fig. 10 shows a laser spectrum at a plasma density of around cmP3 in hydrogen. The Stokes sideband at frequency WO -w,/2 is very clear and intense, though it seems to appear only at laser powers P > 10 TW. The result is erratic, but the power threshold is well established.
This half harmonic of the forward Raman spectra has not been previously observed. However, it could be due to an instability recently proposed by Shvets et al. : the explosive Raman forward scattering instability [25] whose principal signature is the production of half-harmonic sidebands. The basic mechanism behind this instability is that at very high laser intensities, one must consider higher-order terms for the relativistic change in electron mass. The second-order term of the ponderomotive force ( E (a')') introduces a term oc (a0 . al)', where a1 is the scattered vector potential in the equation of motion of the electrons. This can be resonantly matched with plasma oscillations at frequency w,/2 thus allowing the half-harmonics to grow rapidly.
D. Backscatter
Backscattered spectra were also taken in helium. The results shown in Fig. 11 show similarities with the RFS spectra. At the low densities (6 x lO''~m-~), the spectrum is very sharply peaked at w,-w?, with another peak at w,; whereas, at the higher density the spectrum is highly modulated and very broad with far less energy in the frequency unshifted component at w,. This unshifted signal is probably due to 2 io5 1000 1050 1100 1150 1200 1250
Wavelength (nm) Fig. 11 .
at around 1.2 p m is due to the loss of sensitivity of the CCD camera.
Backscattered spectrum for two plasma densities. The drop of signal the SBS to the backscatter near w, is reduced compared to lower densities. The exact cause of the very broad and highly modulated Raman backscatter is still unknown, but such features have been seen in other experiments and in simulations.
V. CONCLUSION
In summary, we have presented various results from the interaction of a high intensity laser beam with an underdense plasma. The mechanisms able to produce high-amplitude plasma waves were reviewed, and deeper background was given to RFS being the dominant phenomenon in our experimental regime. Initially we reviewed the results published previously in [13] . Among these results was the direct observation of RFS from the spectrum of the transmitted beam. This, in conjunction with the acceleration to high energy of trapped electrons, indicates the production of large-amplitude plasma waves. Also noted was the rapid broadening of the RFS signal above a certain density, allied with the rapid increase in the number of accelerated electrons, accelerated up to a record energy (from plasma-based devices) of 44 MeV. This behavior was attributed to the wavebreaking of plasma waves followed by the acceleration of the bulk of the plasma electron distribution.
Furthermore, we have presented new results which become apparent at relativistic laser intensities. The variation of the sideband separation with power and the observation of halfharmonic production may be explained invoking relativistic corrections to the electron mass. The former is simply due to the dependence on mass of the plasma frequency, while the latter relies on the second-order variation of the ponderomotive force due to the mass correction. Relativistic corrections are also summoned to explain the saturation of the RFS signal and the yield of accelerated electrons at the highest incident laser powers. a combination of stimulated Brillouin scattering (SBS) [26] and a reflection due to dielectric discontinuity at the plasma jet boundary. At higher densities the Raman back, side, and forward scattering is so potent that the contribution of Thanks are due also to W. B. Mori and G. Shvets for many [ 
